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Using density functional theory ~DFT! calculations and kinetic simulations, we have investigated
the influence of boron atoms on self-interstitial clustering in Si. From DFT calculations of neutral
interstitial clusters with a single B atom ~BsIn, n<4!, we find that the binding of B ~BsIn→In21
1BsI) becomes substantially weaker than that of an interstitial ~BsIn→BsIn211I) when n>4. This
implies boron can be liberated while leaving an interstitial cluster behind. Our kinetic simulations
including the boron liberation explain well experimental observations reported by J. L. Benton
et al., J. Appl. Phys. 82, 120 ~1997!. © 2003 American Institute of Physics.
@DOI: 10.1063/1.1596729#Continued scaling of Si devices below 0.1 mm requires
formation of ultrashallow junctions to avoid short-channel
effects.1 Ultralow-energy ion beams are currently most
widely used to introduce dopants into the Si substrate. Gen-
erally this must be followed by high-temperature thermal
annealing to eliminate substrate damage generated by ener-
getic ion bombardment and to electrically activate the in-
jected dopants. During the implantation and annealing, the
dopant atoms exhibit transient enhanced diffusion ~TED!.
This is a particularly serious problem for boron ~a major
p-type dopant!, which exhibits large TED. The consequent
doping profile spreading imposes a great difficulty in form-
ing ultrashallow pn junctions in deep submicron device
structures.
It is now well understood that excess Si self-interstitials
generated during implantation are mainly responsible for the
B TED. Due to large mobility even at room temperature,2
single interstitials can diffuse and annihilate at the surface.
Therefore, at the onset of annealing most interstitials are
likely to remain in the form of clusters. It is widely believed
that, in ultrashallow junction formation by ultralow energy
ion implantation, the main sources for free interstitials during
postimplantation annealing are small interstitial clusters and
boron-interstitial complexes3–6 along with extended $311%
defects. The formation of boron-interstitial complexes have
been extensively studied using first principles calculations,7,8
also supported by recent experiments.9 However, little is
known about the role of single B atoms in the growth of
small interstitial clusters.
Deep level transient spectroscopy recently provided di-
rect evidence for the existence of small Si interstitial
clusters.10 These results showed that the small interstitial
clusters did not contain large numbers of B atoms even in a
B doped layer ~where B concentration was not high enough
to induce B clustering!. This was surprising because recent
ab initio calculations7,8 suggested that Si interstitials interact
very strongly with substitutional B to form stable BsI, BsI2 ,
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to that of small interstitial clusters.7,8
In order to provide a basis for understanding the forma-
tion of interstitial clusters in the presence of B, we have
carried out
~i! first-principles quantum mechanics calculations on the
structures and energetics of small interstitial clusters
with and without a single B atom and
~ii! kinetic model based simulations on boron-interstitial
concentration variations.
These results suggest that B can catalyze the growth of
small Si interstitial clusters.
Our first principles calculations are based on density-
functional theory ~DFT! within the local spin density ap-
proximation ~LSDA!, as implemented in the CPMD V3.3
package.11 We used a nonlocal, norm-conserving
pseudopotential12 and a plane-wave cutoff energy of 20 Ry.
Defect systems considered in this study were modeled using
64-atom supercells with a fixed volume corresponding to a
Si–Si bond distance of 2.35 Å in pure Si. The atomic posi-
tions were allowed to relax fully until all residual forces were
smaller than 531024 Hartree/Bohr. The geometries were
optimized using only one k point ~G! for the Brillouin-zone
integrations. ~The geometry optimization is rather insensitive
to the number of k point sets.! However, the total energies
were reevaluated using a (23232) mesh of k points in the
scheme of Monkhorst–Pack.13
We first examined structure and energetics of a number
of interstitial clusters containing only Si (In , n<3) and con-
taining a single boron atom (BIn , n<4). Figure 1 shows the
fully relaxed structure and LSDA energy for all clusters ex-
amined. To ensure that we would find the global minimum
~instead of a high-energy local minimum state!, we per-
formed ab initio molecular dynamics followed by energy
minimization for many different initial configurations.
The BsI configuration @Fig. 1~a!# has the Si interstitial ~I!
next to the B substitutional (Bs) in a tetrahedral site. The
binding energy between I and Bs is calculated to be 1.14 eV
@virtually identical to 1.160.1 eV obtained in a previous lo-
cal density approximation ~LDA! calculation#.15
For BsI2 we find the B to be substitutional with two7 © 2003 American Institute of Physics
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@Fig. 1~b!#. We find the BsI2 cluster to be quite stable with a
binding energy of 1.65 eV ~the energy required to release an
interstitial from the BsI2 cluster!. This is consistent with a
recent LDA calculation which leads to a binding energy of
1.9 eV between (BsI)1 and I.7–8
We also identified a stable neutral BsI3 structure @Fig.
1~c!# that appears quite different from the BI3
1 configuration
reported recently by Liu et al.7–8 Two Si lattice atoms ~close
to the B atom! are significantly displaced from their original
position, allowing all bonds to be well reconstructed with
appropriate bond lengths. We obtain a binding energy of 1.66
eV ~energy required to release an interstitial from the BsI3
cluster!.
Inserting an additional Si interstitial into the BsI3 cluster,
leads to a BsI4 cluster that is also quite stable ~a binding
energy of 1.59 eV! toward releasing an interstitial. This BsI4
cluster @Fig. 1~d!# can be visualized as an I3 structure @see
Fig. 1~f!# that is distorted by insertion of an interstitial boron.
This result suggests that the presence of B atoms may
help the Si interstitials grow into compact configurations. For
crystalline Si, the compact tri-interstitial cluster (I3) has a
formation energy ;0.2 eV lower than the ring cluster and 0.4
eV lower than elongated clusters.16
Figure 1 also shows compact I2 and I3 clusters ~fully
relaxed structures!. The I2 and I3 formation energies are cal-
culated to be 2.63 and 1.99 eV, respectively ~in excellent
agreement with the values of 2.5 and 1.9 eV obtained in
recent DFT–LDA calculations!.16 We calculate the formation
energy for a Si self-interstitial to be 3.3 eV, very close to the
result of 3.3–3.35 eV from other DFT–LDA calculations.15
We also examined the possibility of boron liberation
from the B-containing interstitial clusters. Our DFT–LSDA
calculations show that the decay of BsI3 into BsI and I2 re-
quires an energy of 2.0 eV, which is larger than the 1.66 eV
FIG. 1. Structure and energetics of boron-interstitial and interstitial only
clusters examined in this study. Boron is indicated by the hatched ball.Downloaded 21 Dec 2005 to 131.215.225.171. Redistribution subject for BsI3→BsI21I. @The barrier for boron-interstitial pair dif-
fusion ~0.68 eV!17 is also likely to be larger than that for
interstitial diffusion ~0.15–0.2 eV!.#18 Thus from BsI3 we
calculate that boron (BsI) liberation is less favorable than
interstitial liberation.
However, for BsI4 , the binding energy of boron (BsI4
→BsI1I3) decreases significantly to 1.0 eV while the inter-
stitial binding energy (BsI4→I1BsI3) of 1.60 eV remains
nearly unchanged. These results demonstrate that the binding
energy of boron decreases as the number of integrated inter-
stitials increases. This is consistent with the very weak inter-
action between boron and extended $311% defects.7 This bind-
ing energy reduction would allow boron to release more
favorably than an interstitial from BsIn when n>4.
These results suggest that boron atoms may catalyze in-
terstitial agglomeration. That is, boron atoms provide a
means to capture and integrate interstitials into a cluster, fol-
lowed by the emission of the boron to facilitate formation of
additional interstitial clusters. In this study, we consider only
charge neutral clusters, which may lead to some errors in
estimating the binding energies of boron-interstitial clusters
~as the cluster structures and energies could change signifi-
cantly at different charge states!.7,8 However, we believe that
our results give a reasonable description in the overall physi-
cal picture, particularly for boron-interstitial clusters under
near intrinsic conditions ~as considered herein!. In fact, cur-
rent first principles calculations on various charge-state sys-
tems are still quite uncertain.7,8,14
This catalytic reaction may provide an explanation for
the experimental observation that a large fraction of B atoms
remains electrically active. ~In these experiments, the Si im-
plant doses were 13109 – 531013 cm22 and the doped B
concentration was about 731015 cm23.)
To illustrate this process we carried out kinetic-model
based simulations in which we started with a boron concen-
tration of 731015 cm23 and added interstitials at a rate of
1016 cm23 s for 10 s to achieve a total concentration of
1017 cm23. The interstitial diffusivity is approximated using
0.0013exp(2Em /kBT), where Em50.2 eV.18 The calculated
diffusivity of 331027 cm2/s at room temperature is in good
agreement with an experimental estimate of >1027 cm2/s.19
Figure 2~a! shows the concentrations of boron-interstitial
clusters and self-interstitial clusters after 10 s of interstitial
implantation into the boron-doped layer at room temperature.
Here, boron clustering can be ignored due to the low B con-
centration. Our simulation result shows that about 97% of
the injected interstitials are incorporated into pre-existing bo-
ron sites with just 3% remaining as interstitial clusters. This
ratio is a function of the interstitial injection rate and diffu-
sivity; that is, a higher fraction of interstitials is aggregated
into boron-interstitial clusters as the injection rate decreases
and/or the diffusivity increases. Although many details of
defect dynamics ~such as vacancy formation! are ignored in
our simulation, we see that boron can efficiently capture im-
planted interstitials to form boron-interstitial complexes dur-
ing implantation. We expect that this interstitial aggregation
will lead to entrenchment of most boron atoms ~if the im-
planted interstitial concentration is far greater than the boron
concentration!. Indeed our simulation results show that ~vir-
tually! all boron atoms are embedded in interstitial clusters.to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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interstitial and self-interstitial clusters after 10 min of subse-
quent postimplantation annealing at 500 and 700 °C ~with
@Fig. 2~c!# and without @Fig. 2~b!# boron liberation from
boron-interstitial complexes!. In these simulations, we as-
sume that the energy barriers for interstitial release from
boron-interstitial and interstitial clusters are comparable @ap-
proximated as the sum of Em and Eb ; Em50.2 eV18 and
Eb (n I)52.722.65 @n I1/22(n I21)1/2# eV,20 where n I is the
number of interstitial incorporated#. Without boron liberation
about 100% of boron atoms are still embedded in interstitial
clusters at 500 °C and ;30% are at 700 °C. ~The fraction of
substitutional boron decreases with the concentration of in-
jected interstitials.! On the other hand, when we allow boron
to release ~once the boron-interstitial cluster size becomes
greater than Bs – I4), virtually all boron atoms recover to sub-
stitutional locations. Thus, our simulations demonstrate
clearly that without boron liberation, a significant amount of
boron would still remain as boron-interstitial clusters ~under
the conditions considered in this study!.
Now we suspect that the boron-catalyzed reaction out-
lined earlier may facilitate the formation of small interstitial
clusters, especially during implantation and/or early stages of
post-implantation annealing. As a result, a larger fraction of
interstitials would remain in the substrate. Since B-TED is
FIG. 2. The concentrations of boron-interstitial (Bs – In) and self-interstitial
(In) clusters. ~a! After 10 s of interstitial implantation, ~b!–~c! after 10 min
of subsequent postimplantation annealing at 500 and 700 °C @~b! without
and ~c! with boron liberation from boron-interstitial clusters#.Downloaded 21 Dec 2005 to 131.215.225.171. Redistribution subject mainly determined by the availability of interstitials, the in-
creased concentration of interstitials would influence doping
profile evolution. This suggests the importance of including
the B-catalyzed process, along with interstitial clustering and
boron-interstitial complex formation/dissolution, in modeling
ultrashallow junction formation.
In summary, based on our first principles calculations
and kinetic simulations we propose and validate the mecha-
nism of boron-catalyzed interstitial cluster formation. Our
first principles calculations show the reduction of boron and
interstitial interaction with the number of interstitials incor-
porated, leading to boron liberation while leaving an intersti-
tial cluster. A comparison of experiments with kinetic simu-
lations supports the boron liberation. The liberated boron
may then induce formation of additional interstitial clusters,
i.e., B-catalyzed interstitial cluster formation.
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